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Abstract: Wireless Capsule Endoscope (WCE) is a new diagnostic device that can be utilized for evaluating the whole digestive
tract if effectively actuated. In this research, a new One Degree of Freedom (1DOF) actuation system based on a magnetic levita-
tion concept is proposed for capsule endoscope navigation system. The proposed system, is used to move a permanent magnet
inserted in WCE body by an arrangement of current controlled electromagnetic actuator placed on a 3DOF movable frame. The
aim of this study is to design of a Proportional-Integral-Derivative (PID) controller to suspend the capsule and keep it at a demand
test region.
DC and AC magnetic field-based positioning systems using the Hall effect sensor and the coil sensor respectively are used to pro-
vide the controller by capsule position feedback. Improvement of the position feedback accuracy based on AC magnetic field using
Discrete Fourier Transform (DFT) is presented. A realistic simulation design of the system is implemented using Matlab/Simulink
environment to validate the PID controller. The navigation scheme is implemented practically utilizing Digital Signal Processor
(DSP) to verify the effectiveness of the controller. Finally, simulation and experimental results of the capsule navigation system are
presented to show the performance of the proposed controller.
1 Introduction
Wireless Capsule Endoscope (WCE) is a new monitoring technol-
ogy utilized to examine the whole digestive tract of human body.
However, there are still some critical challenges such as its passive
movement and orientation which limit the possibility of its adoption
as a commercial diagnosis tool in private clinics and hospitals.
Although, much research works have been carried out by bio-
engineers during the last decades in the methods of controlled
actuation for capsule endoscope, however, the active mobility of this
medical device is still in the developmental stages. Given Imaging in
cooperation with Swain [1] presented a magnetically actuated WCE
to evaluate the upper human GI tract. The medical device which,
composes of a modified PillCam Colon with a permanent assem-
bly, is navigated in the water-filled stomach by varying the position
and orientation of an external large permanent magnet relative to
the patient. Based on the proposed actuation method, all regions of
stomach were tested, but, the control of the capsule movement was
difficult task as the endoscopist only had the real-time pictures of the
device’s camera stomach.
A new navigation system is proposed by Yim et al. [2] for a cap-
sule endoscope. The group fabricated a model of a compliant capsule
robot driven in the stomach based on medical procedures. The pro-
posed actuation system consists of two permanent magnets inserted
in both ends of a dummy capsule and an external permanent magnet
connected across a motor. The force and torque of external perma-
nent magnet are used to rotate the capsule. However, the force of the
actuator was not controlled to navigate the dummy capsule in the
free space of the stomach.
Lien et al. [3] proposed a magnetic navigation system to enable
endoscopists to manipulate capsule by means of moving their own
hands as previously proposed by [4] [5]. They made a new cap-
sule model provided by longer and shorter focal length lenses for
visualization of far-end and close-up stomach wall. In the proposed
actuation system, an external Magnetic Field Navigator (MFN)
based on a permanent magnetic rotor is used to navigate the medical
device inside a stomach. However, the proposed endoscopic capsule
was not wireless, as it still needs to be connected to image data trans-
fer and power cables.
A research group from Huazhong University of Science and Tech-
nology presented a robotic actuation system with multipermanent
magnet for capsule manipulation in small intestine [6][7]. They
made a capsule endoscope embedded in a magnetic shell. The actu-
ation magnetic field of the proposed system is generated by external
permanent magnets fixed in movable frame with a controlled servo
unit. This enables applying a 5-DOF control system for the medical
device. The proposed capsule manipulation system was successfully
tested in an bowl phantom and an ex vivo porcine small intestine.
However, the proposed steering system is not applicable as it is eval-
uated using blind capsule (without camera). The position feedback
of the capsule is obtained from eyes which serve as the image visu-
alization unit for the servo control unit. Moreover, the environment
conditions of the human GI tract such as its Fluidic medium and the
closed forms of the patient body are not taken into consideration in
the performance evaluation of the proposed capsule guiding system.
A new prototype of handheld magnetic actuator is fabricated by Sun
et al. [8] for a spiral-type WCE. The proposed actuator mainly com-
poses of an external permanent magnet attached to a step motor used
to guide a dummy capsule provided by a cylindrical magnetic shell
and a spiral. The rotational magnetic field produced by the handheld
actuator can be used to move the spiral-type medical device. The
ex-vivo experiments showed that, based on the control of the pro-
posed magnetic actuator the endoscopic capsule can move forward
or backward through the test region. However, the handheld actuator
is not able to orient the capsule endoscope to the desired direction.
In addition, the regulation control input supplied to the step motor
is not determined based on the position feedback information of the
capsule.
It is worth considering that using handheld magnetic generator to
guide the capsule in the digestive tract includes some drawbacks
such as high cost of these magnetic generator and exhibition a short-
learning curve for the operator, moreover, the usage of such handheld
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systems during entire evaluation session for stomach is physically
taxing for the operator.
Morita et al. [9] introduced a new magnetic guidance system for
capsule endoscope. They fabricated a fish-like capsule endoscope,
named the self-propelling capsule endoscope (SPCE), with a perma-
nent magnet-embedded fin at its rear that is used to propel the device
via fish-like motion. The capsule can be actuated through flapping
the fin by an external alternating magnetic field produced by elec-
tromagnetic coil system. The direction and speed of the swimming
motion are controlled by a joystick. The navigation performance
of the medical device was successfully evaluated in a water-filled
stomach of a dog[10]. A year later, an modified swallowable capsule
model SPCE(MM1), was introduced. The developed device with a
capsule size is provided by a magnet-attached flexible fin, which
actuated under the fluid, along the gastric lining. However, a stable
close-up evaluation of the stomach is not guaranteed [11].
Zahng et al. [12], [13] fabricated a new swimming spiral capsule
with an inserted small magnet. The presented capsule prototype can
be translated and oriented by a 3D Helmholtz coil pair system. The
actuation performance of the proposed capsule navigation system
is tested successfully in a spiraling pipe and in an ex vivo porcine
bowel. However, the high rotational movement of the capsule can
cause damage to the intestine lining. Ye et al. [14] fabricated a pro-
totype of a new magnetic actuator based on steering mechanism for
the Tethered Capsule Endoscope (TCE) scheme utilized to evaluate
the stomach. The navigator mechanism mainly consists of a steering
system, the extension tube made of the flexible Bowden cables and
a controller. In the presented actuator, three thin steel wires in 120o
configuration are fixed in the tube for the purpose of capsule guid-
ing. The experimental tests have shown the presented actuator can
steer the TCE to the desired directions. However, the endoscopic
capsule can not be utilized to examine the whole digestive organs. In
addition, navigating the cabled capsule through the organs of human
digestive tract can cause pain and discomfort to the patient.
A new preliminary navigation method using an AC magnetic field to
move the medical device in the digestive tract is proposed by [15].
The main concept of the proposed actuation system bases on the
magnetic interaction between the rotational magnetic field and the
permanent magnet, which inserted in the dummy capsule. The in
vitro experimental tests were carried out to show the performance
effectiveness of the proposed actuator. The introduced navigation
scheme depends on the rotational movement of the medical device
which can cause blurring problems in the taken photos. In addition,
the rotated device can only transport forward and backward cannot
be oriented to the desired test region.
A new capsular robot with a hybrid locomotion mechanism was
reported by Wang et al. [16]. The actuation mechanism based on cou-
pling an internal motor with externally generated magnetic forces.
The research group fabricated a blind spiral capsule prototype, which
composes of a micro DC motor attached spiral, cylindrical perma-
nent magnet, two batteries, a control circuit and wireless transmiter.
The spiral structure of the capsule dummy is adopted to increase the
friction force and transfer the rotational movement of the motor to
linear displacement. Tow actuation strategies are used to move the
capsule, merely internal actuation and internal actuation with exter-
nal guidance. The mechanism of the internal actuator provides the
force for capsule locomotion by using a micromotor. While the exter-
nal actuation is achieved by magnetic interaction between external
magnetic field generated by a permanent magnet fixed on a 6DOF
robot arm and the inserted magnet in the capsule shell. To exper-
iments were carried out in is achieved in the porcine large bowel
to evaluate the movement of the capsule using internal and external
actuation systems. The experimental results have showed that the
locomotion speed of the medical device depends on spiral heights,
motor speed and strength of external magnetic field that was imposed
on the locomotion mechanism. However, further miniaturization for
the proposed capsule mechanism should be considered to obtain a
swallable capsule size by using a smaller motor. in addition, the but-
ton batteries can only power the DC motor just for a few minutes.
Keller et al. [17] proposed a new navigation and control method to
move capsule endoscope in the human stomach. In the presented
system the capsule is steered by magnetic field generated from a
guidance permanent magnet. Unique characteristics of the stomach
were analyzed to create automated field sequences as a guidance
functions for basic capsule movements and special maneuvers. How-
ever, the proposed navigation approach is not robust enough as no
controller technique is applied to regulate the actuation magnetic
field used to move the capsule. In 2019, a new magnetic capsule
guidance system for evaluation the gastric cavity and small intes-
tine in pediatric patients was proposed by Xie et al. [18]. The
presented actuation system consists of capsule control system, a
portable recorder and a capsule positioner. The capsule, which is
made of biocompatible material, is provided by a magnet for move-
ment purposes inside the body. In this control method, high-level
controller is achieved by an operator. The control system is mainly
composed of a magnetic head, a transnational rotary table, two mon-
itors and a console. By regulating the magnetic head movement and
generating a corresponding magnetic field, capsule movement can be
controlled within the patient’s body. However, no control technique
is employed to regulate the generated magnetic field used to actuate
the capsule. In [19] a new autonomous control method for capsule
endoscope is proposed in which, the operator acts as a high-level
controller for steering and orienting the medical device inside the
stomach. In the presented approach, the acquired photos by the cap-
sule’s camera for human stomach is used as feedback information
for planing to the desired path and maneuvers of the capsule. How-
ever, guiding efficiency of the capsule inside the stomach depends
on the operator’s skills, which are difficult to achieve. Most of the
proposed methods for actuating and controlling of the capsule endo-
scopes, the operator utilizes the captured images by the capsule as
feedback information for determining the new desired position of
the capsule. In other words, the operator acts as a high-level con-
troller, while the low-level controller calculates the corresponding
parameters values of the actuator required to navigate the capsule to
the next location.
In this research, a new capsule navigation scheme based on mag-
netic levitation concept is presented for colon investigation. The
aim of this work is to design and implement a One Degree of
Freedom (1DOF) control system based on Proportional Integral
Derivative (PID) controller technique to keep the endoscopic cap-
sule at a demand test region. PID is the most common controller
technique used in wide movement and industrial applications due
to its simplicity, reliability and performance characteristics. It is
worth considering that realization and tuning of the PID controller
approach are also easy to implement as its gain parameters are
relatively independent. The system feedback is based on capsule
position information obtained from magnetic sensing unit, which is
considered a promising measurement tool for the medical device
position from outside the patient body. Initially. the Pulse Width
Modulation (PWM) technique is adopted to sent the PID controller
commands to the electromagnetic actuator due to its high driving
efficiency and low power loss [20].
In this work, DC and AC magnetic fields are utilized to measure
the capsule position feedback in the proposed actuation algorithm.
Fixed point Digital Signal Processor (DSP) (TMS320F2812) is uti-
lized to implement the controller system because of its precision data
processing capability and high-speed, which empower fast real-time
calculation of the control variables. However, despite the resolution
advantages of DSP 12-bit conversion, the absolute accuracy of the
Analog-to-Digital Conversion (ADC) is influenced by the inherent
offset and gain errors. Therefore, calibration process for DSP’S ADC
is recommended in order to increase the conversion accuracy [21].
The paper is organized as follows. Section 2 presents system con-
figuration. In section 3, positioning and controller systems theory
is introduced. Section 4 presents dynamic modelling of the proposed
capsule control system. Actuation system strategy is stated in section
5. DC and AC positioning controller systems are introduced in Sec-
tions 6 and 7 respectively. An improved AC positioning controller
scheme is presented in 8 followed by conclusion in section 9.
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 (a) Simulated platform.
 
(b) Free body diagram
Fig. 1: Conceptual setup and free body diagram of the 1DOF control
system
2 System configuration
The preliminary conceptual setup of the proposed 3DOF capsule
navigation scheme is presented in Fig. 1(a). The introduced system
mainly composes of a small permanent magnet with a length of Ld,
and radius of rd, a current controlled actuator with a length ofLc and
base width and depth of Wc and Dc respectively, position detector,
processor and movable frame. The NdFeB-based dipole is inserted
in capsule and magnetized in the towards of its symmetrical axis in
order to prevent rotation of the capsule camera during the examine
journey of the digestive tract. An iron cored based coil is used as
system actuator which placed on a 3DOF robotic frame manipulator.
Two hall effect sensors (A1301) fixed in the poles of the electro-
magnetic coil are used in the position detection unit of the proposed
control system..
The processor is based on IT TMS320F2812 DSP and is utilized to
execute the proposed PID controller of the capsule actuation scheme.
Finally, a 3DOF robot is adopted to actuate the floating embedded
magnet though the bowel organ by placing the magnetic actuator
anywhere above the patient in the vicinity of the endoscopic capsule.
3 Positioning and controller systems theory
In the proposed actuation system, two positioning approaches based
on the Hall effect sensor and the coil sensor are adopted to measure
the position of the capsule endoscope.
3.1 Positioning with DC magnetic field measurement
In the proposed actuation system, positioning of the WCE is based
on using of a 1-axis Hall effect sensor. It converts magnetic field,
produced by an embedded magnet in the capsule, into electrical
signals for processing by electronic circuits. Generally, the output
voltage of the Hall effect devices can be quite small, even when
a strong magnetic intensity is applied, therefore, they are man-
ufactured with built-linear amplifiers and CMOS Class A output
structure.
The voltage across the Hall effect sensor (Vo) attached to the coil,
induced by the levitating magnet and the electromagnet curring
current i(t), can be closely approximated as [22].
Vo(t) = λi(t) +
ε
x2(t)
+ ρ, (1)
where λ, ε and ρ are coefficients with constant values that depend
on the Hall effect sensor used, as well as the system geometry, and
x is the axial distance between the floating magnet (m) and sensor.
Usually, ρ is quiescent output voltage (0.5Vcc), where Vcc = 5V is
supply voltage to the Hall effect sensor chip, while λ and ε should
be determined from measurement, as they depend not only on the
sensor sensitivity, but also on where it is placed and the properties of
the coil.
3.2 Positioning with AC magnetic field measurement
Coil sensors are one of the oldest and most well-known types of
magnetic sensor. The response function of core coil sensors is easy to
characterize by Faraday’s fundamental law of induction, as follows
[23]:
Vs = −Ns dΦ
dt
, (2)
where Vs is the induced voltage (V), Ns is the number of coil turns,
and Φ is the magnetic flux passing through a coil. For control and
measurement applications, a magnetic sensor with high sensitivity,
adequate stability and reliability is needed in order to provide the
control system by precise feedback information. Generally, the sen-
sitivity of an air coil sensor is relatively low, so to improve the
output response a ferromagnetic core with high permeability should
be used. However, this enhancement is accompanied by the sacrifice
of one of the most important advantages of the air-cored coil sensor
which is the linearity. The core, even if made from highly permeable
material, adds some nonlinear factors to the sensor transfer func-
tion. Furthermore, the resolution of the coil sensor also decreases
by additional magnetic noise (e.g. Barkhausen noise). Moreover, the
ferromagnetic core alters the distribution of the investigated mag-
netic field [23].
Therefore, in this study, an air-cored coil sensor will be employed
for capsule positioning. To improve the sensitivity of the sensor an
increase in the number of its turns can be adopted. However, this pro-
cess will increase the resistance of the coil because the total length
of wire increases, leading to additional resistance noise.
Following the scaling rules outlined, [24] [25], if the radius of the
coil sensor rs is maintained constant then the cross-sectional area of
the wire must be decreased proportionally to Ns in order to improve
the sensor output. However, the optimization process for coil sensor
performance is not as easy [23]. In practice, the sensor must have
enough windings with a reasonable wire gauge to ensure sufficient
signal amplitude so that the performance is not affected by amplifier
noise.
3.3 Controller technique
In this research, integer PID controller is utilized to execute the actu-
ation algorithm of the proposed control system. The continuous time
structure of the proposed PID controller is given by [26]:
u(t) = Kpe(t) +Ki
t∫
0
e(τ)dτ +Kd
de(t)
dt
, (3)
where u(t) represents the output of the controller at time t, e(t)
denotes the error between the demand input and measured output
while Kp,Ki and Kd represent the corresponding controller gains.
This controller method is highly recommended for industry and
accurate movement applications due to the simplicity of its princi-
ple and the ability to realized and tuned it as the gain coefficients of
the controller are relatively independent.
4 System dynamics and modelling
A forces diagram of the proposed 1DOF actuation system is pre-
sented in Fig. 1(b). Based on the assumption that the origin of the
coordinate system is placed in the center of the coil’s lower pole,
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the magnetic force exerted by the coil on the embedded magnet is
govern by the following expression [27].
~F (x(t), i(t)) =
3µ0µr
4pi
{
( ~µc. ~R) ~µd + ( ~µd. ~R) ~µc + ( ~µc. ~µd)~R
R5
−5( ~µc.
~R)( ~µd. ~R)~R
R7
}
(4)
where µ0 and µr represent the air permeability (T.mA ) and rel-
ative magnetic permeability of the coil core respectively, ~µc and
~µd denote magnetic moment vector of the coil and dipole (A.m
2)
respectively, ~R denotes the distance vector from actuator to the
dipole (m), and R represents the distance value between coil and
the dipole (m).
~µc = µc(xˆ+ yˆ + kˆ) (5)
~µd = µd(xˆ+ yˆ + kˆ) (6)
where µc = NiAc, N , i, and Ac are the turns number, current
(A) and the cross-section area of the actuator (m2) respectively,
µd =
BV
µ0
,B is the intrinsic induction of the magnet (T) and V is the
volume of the magnet (m3). Under the assumption, the magnetiza-
tion pole of the coil and the inserted dipole points to the x-direction,
then based on (5) and (6) ~µc = µcxˆ and ~µd = µdxˆ. Then, using
(4), the attraction force at the levitated magnet placed at a distance
x from the actuator, can be expressed by the following equation
[28],[29]:
F (x(t), i(t)) = K
i(t)
x4(t)
, (7)
where K = 32piµrNAcBV is a magnetic force constant depends
on the physical parameters of the scheme
(
N.m4
A
)
. The movement
of the medical device in the magnetic field can be expressed by
Newton’s second law.
mx¨(t) = mg −K i(t)
x4(t)
, (8)
where m denotes the mass of the dipole (kg) and g repre-
sents the acceleration of the magnet due to gravity (m
s2
). For
the purpose of a linear control scheme design, (8) is linearized
by Taylor’s series expansion about suitable operating values x0
and i0. Assume a perturbation about these equilibrium values
(x(t) = x0 + δx(t), i(t) = i0 + δi(t)), then the linearized model
of the capsule dynamic about x0 and i0 can be represented by (9)
δ¨x(t) = −
(
K
mx40
)
δi(t) +
(
4Ki0
mx50
)
δx(t) (9)
From Fig. 1(b), at equilibrium condition the resultant force on the
floated magnet in the x-axis equals zero, which means the magnet
force on the dipole equals the gravitational force. Based on (8) and
using operating values (x0, i0), the control input signal i0 can be
determined utilizing the following expression:
i0 =
mgx40
K
(10)
Taking the Laplace transform of (9), the transfer function of the sys-
tem plant with the variation in current of the electromagnetic coil as
the scheme input and the variation in suspended magnet location as
the scheme output is;
δX(s)
δI(s)
=
−
(
K
mx40
)
(
s2 − 4Ki0
mx50
) , (11)
where δX(s) and δI(s) are the Laplace transform of δx(t) and δi(t)
respectively. It is worth considering that the negative sign in the
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Fig. 2: Calibration and error curves of Hall effect sensor
numerator of the transfer function denotes that there is an inverse
relationship between the actuator current and the vertical magnet dis-
tance, with an increase in the actuator current δi(t), there will be a
decrease in the inserted magnet distance δx(t) and vice versa. It is
obvious from (11), that the system plant has two poles, one of which
is in the right half of the s-plane at
√
4Ki0/mx
5
0, that makes the
system unstable. Hence, a controller must be used to stabilize the
system, in this research, a linear controller based on the PID tech-
nique is adopted to maintain the embedded magnet at the demand
vertical distance.
In order to execute the proposed PID controller in state space,
the model of the scheme dynamics should be formulated in state
space form: let δX(n×1)=
[
δx(t) δ˙x(t)
]T
be the state vector of the
scheme, δx(t) be the system output that should be controlled, and
δU(t)(m×1)=[δi(t)] be the vector of the system control input, then
the state space representation of the scheme can be described by (12)
and (13).
˙δX(t) = AδX(t) +BδU(t) (12)
δY (t) = CδX(t) +DδU(t), (13)
where A =
[
0 1
C1 0
]
, B =
[
0
C2
]
, C = [1 0] , D = [0] ,
C1 = 4Ki0
mx50
, and C2 = − K
mx40
.
5 Actuation system strategy
The navigation approach of the presented capsule control scheme
comprises the following stages:
Stage 1: design and implementing a control system using an integer
PID controller to actuate the floated dipole in one dimension within
a region around the operating area and maintain it at a variable-x
demand position relative to the actuator.
Stage 2: move the inserted dipole through the three dimensions sim-
ulated bowel by transferring the controlled actuator utilizing 3DOF
robot navigator.
This research work focuses on achievement of stage1. The idea of the
introduced actuation scheme is easy to realize as it has been based
on the concept of the magnetic levitation .
6 DC position feedback-based controller system
[26]
In this section, controller design with position system based on DC
magnetic field using Hall effect sensor will be simulated and then
implemented in real-time to validate the proposed system.
6.1 Hall effect sensor calibration
The position of the suspended dipole was determined experimen-
tally using two Hall effect sensors fixed on the lower and upper
poles of the electromagnetic actuator. The lower sensor was cali-
brated experimentally utilizing a table of accurate position readings.
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By maintaining the inserted dipole concentric with the magnetic sen-
sor, the procedure of sensor calibration was achieved by dropping the
embedded magnet from 15 mm (minimum operating distance) up to
distance of 55 mm. The position reading of the sensor was amplified
by a non-inverter amplifier to a level so that we could discriminate
the dipole position signal from the sensor noise when the magnet
was at the typical operating distance from the actuator coil.
The amplified position signal was then filtered to decrease unwanted
noise signal and sampled utilizing the processor DSP’s ADC. In
this study, a more reduction in the effect of the noise on the dipole
position signal is achieved through calculation of an average of ten
repeated sensor readings at each lowering step. The curve of experi-
mental position data based on the sensor readings used to determine
the vertical distance of the floated magnet is illustrated in Fig. 2(a).
In order to decrease complexity of computational process in the
DSP and support the execution speed of controller program, the for-
mula used to determine dipole position x(t) based on the reading of
DSP’s ADC V p(t) was approximated by the following fourth-order
expression utilizing the Matlab command "polyfit".
x(t) = 0.093V p4(t)− 0.93V p3(t) + 3.476V p2(t)
− 5.754V p(t) + 3.58 (14)
The validity of the above calibration expression to the magnet posi-
tion values has a zero mean error with a standard deviation of σ =
0.32 mm. For the purposes of system simulation, the sensor reading
V p(t) can be formulated based on the magnet vertical distance x(t)
as follows:
V p(t) = 3.2 ∗ 106x4(t)− 5.1 ∗ 105x3(t)
+ 2.96 ∗ 104x2(t)− 769x(t) + 9.4 (15)
In this study, the Hall effect sensor utilized to measure the dipole
position was calibrated practically based on a precision positioning
table. By keeping the magnet at a practical vertical distance 30 mm
from the below actuator pole, the coil was excited by a step current
of 0.5 A over the current range (0-5) A with the step time of 30 s.
Over the current range, the practical dipole position was measured
based on the (14) and then compared with its actual distance 30 mm
to generate the position error which is shown in Fig. 2(b). It can be
noted from the Fig. 2(b) that increasing the coil current increased
the position error. The reason for this is that increasing coil current
heats it hence varying the magnetic behaviour of the electromagnetic
actuator.
6.2 Positioning algorithm
In this algorithm, the detection strategy of the magnet position is
based on the idea that the magnetic sensor fixed on the lower coil’s
pole senses the magnetic field for both the coil and the dipole, while
the magnetic sensor placed in the upper coil’s pole measures the
magnetic field of only the coil. The position signal of the magnet is
determined by sending the sensors readings to the signal processing
circuit for buffering, subtraction, amplification and finally filtering
to reject interference and sensor noises.
The processed signal is also passed to the DSP for sampling and
PID controller implementation. This positioning method is still not
an efficient as the sensors measurements influence by the problem of
the DC actuation field cancellation. In addition, obtaining a precise
position feedback requires a high degree of efficiency, not only in
coil geometry design and manufacturing, but also in coil winding.
Therefore, another positioning approach based on an AC magnetic
field will be considered in the this research.
6.3 Simulation design and results
In this study, the performance of the proposed actuation sys-
tem is verified through simulation the PID controller using Mat-
lab/Simulink environment. Based on the low capture rate on the
medical device and bowel diameter, the PID controller is designed
for the demand guidance response with rise time tr and settling time
Table 1 Physical and magnetic parameters of the system
Parameter Value Parameter Value
N 200 M 0.0157 kg
Wc 0.03 m B 1T
Dc 0.03 m g 9.81 ms2
rd 0.006 m µ0 4pi ∗ 10−7 VA
Ld 0.016 m K 4.2768 ∗ 10−7N.m
4
A
ts of 10 ms and 0.2 s respectively and maximum percent overshoot
MP of 15%. To meet this, the dynamics of the capsule actuation
system is modelled based on the values of the practical physical and
magnetic parameters, which are stated in Table 1. In this research,
the realistic of the simulation model for the proposed capsule actua-
tion system is validated by using magnetic force constant K, which
is determined experimentally as follows. After placing the embed-
ded magnet at distance xo of the electromagnetic coil, the exciting
current of the coil is slightly increased until the dipole just lifted
off. Then, K can be determined by using (10) based on the mea-
sured parameters, xo, io, m, and g. In addition, the position of the
floated magnet is measured based on (14), instead of utilizing the
theoretical expression of the Hall effect sensor output stated in (1).
Furthermore, two types of noise, measurement and process noises
are also involved in the system model for realism purposes. The
measurement noise based on band-limited white noise with power
of 25 µV, is incorporated to compensate the position sensor error
and A/D quantization error, while the process noise based on Gaus-
sian noise with mean value of 0 V and variance of 0.24 mV is added
to compensate the linearization influence of dynamics modelling and
system perturbation.
To assess the performance of the PID controller, the system response
was examined based on standard parameters of control criteria,
which includes rise time, maximum percentage overshoot, settling
time and steady state error. The Simulink model of the proposed
actuation system is shown in Fig. 3, in which the positioning unit
was utilized to calibrate the dipole vertical distance into its corre-
sponding voltage value. This sensor output signal was then compared
with the corresponding voltage value of the desired magnet posi-
tion. Based on (10) and (12), the matrices elements of the state
equation and the operation coil current were determined at x0 = 25
mm as follows: C1 = 1569.6, C2 = −69.7 and i0 = 0.14 A. In
control design of linearized systems, the trajectory of desired input
should be initialized with value that is closed to the equilibrium
value. In this application, utilizing the initial magnet position and
velocity are xi = 35 mm and Vxi = 0ms respectively, under the
demand magnet position x = 25 mm, which corresponds to step
input Vs = 2.0275 V, the output of the controller based on gain
parameters Kp = 1.2,Ki = 0.02 and Kd = 0.035 are presented in
Fig. 4(a) and (b) respectively. The closed-loop pole and zeros of the
system are (0, -0.0167 and -34.3) respectively. Regarding the system
effort, Fig. 5(a) and (b) show the control input required to actuate the
embedded magnet distance δx(t) and x(t) respectively.
It is obvious from the mini plot of Fig. 4(a) and (b), that the proposed
PID control system succeeded to effectively guide the embedded
magnet through the trajectory of the demand input with fast transient
response, rise and settling time of 0.035 s and 0.35 s respectively.
In this research, the controller gain parameters are tuned properly so
that it can achieve a compromise between minimum control effort
and the best control performance so that the output response as
closed as possible to the desired input. Based on the mini figure of
Fig. 5(a) and (b), the control effort of the proposed actuation scheme
was reasonable: the initial and steady state value of the input signal
was approximately 0.4 A and 0.14 A respectively. However, there
was a fluctuation of approximately ±0.5 mm around the demand
vertical distance and an maximum overshoot value of approximately
2.5 mm due to process and measurement added noises. It is worth
considering that this small variance in the output response of the
proposed capsule actuation system has no impact on the accuracy
of the taken photographs as the capture rate of the capsule’s camera
IET Research Journals, pp. 1–10
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Fig. 5: Effort of simulated system under on step input
is low (2 frames per second) [30]. Regarding the maximum over-
shoot, it has also no influence on the tested bowel, as its level is very
small in proportion to the diameter of the colon’s narrowest district
(60 mm) [31]. However, to avoid these performance obstacles, an
extra fine tuning for the gain parameters is required; nevertheless,
this action could raise the system energy to unacceptable value.
6.4 Controller implementation
6.4.1 Hardware system design: The preliminary experimen-
tal setup of the capsule navigation system is shown in Fig. 6. The
block diagram in Fig. 7 shows the hardware stages of the proposed
control scheme. It is mainly combined of a controller, a signal con-
ditioner unit and a test bed stage. The controller is based on the
fixed-point 32-bit DSP of 150 MHz maximum frequency with a
12-bit pipelined ADC module, which executes the PID controller
calculation and supplies PWM command signal to the capsule actu-
ator. The signal conditioner stage includes circuits of buffering,
signal amplification, noise filtering and level regulation while the test
bed composes of an electromagnetic coil, two Hall effect position
sensors, and a current driver.
6.4.2 Actuation algorithm implementation: A simple PID
controller is adopted to implement the 1D actuation algorithm for the
capsule endoscope. The system operates by measuring the position
signal of the magnet with an initial position close to the equilib-
rium point X0=[x0 y0]
T = [0 0.025m]T by the Hall effect sensors.
The position signal accuracy is increased by reducing the offset
between the sensor readings as much as possible. The dipole posi-
tion readings are sent to the signal processing stage for purposes
of subtraction, level amplification and noise filtering and finally to
the DSP’s on-chip A/D conversion for sampling. The accuracy of
the signal conversion is increased by calibrating the DSP’s ADC in
order to decrease the error conversion due to ingrained gain and off-
set errors of the processor. To further decrease the effect of the dipole
position noise, an average filter is applied in the DSP on the sam-
pled data. In the DSP, the measured magnet distance is compared
with the demand vertical distance of xd = 0.025 m to produce the
error signal, which is sent to the PID controller. In the processor, the
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 Fig. 6: Experimental setup of the proposed 1DOF control system
 
Fig. 7: Block diagram of the hardware design for control system
controller gains Kp, Ki and Kd are set to proper values so that it
can investigate the required performance parameters stated in section
6.3. The controller command signal in the form of the PWM is cal-
culated in the processor based on the error signal and the controller
parameters. This PWM control signal, with a changing duty cycle,
is utilized to regulate the electromagnetic actuator current through a
current bridge circuit using a MOSFET transistor (IRLB3034).
6.4.3 Experimental results: To verify the efficiency of the pre-
sented capsule navigation scheme and to validate the results of the
Simulink model, the actuation scheme is practically implemented in
real-time utilizing digital processor device based on the same condi-
tions of the simulated model.
Due to the high speed potential and acceleration of which the floated
body is capable, it is required for a high sampling rate to be utilized
within the actuation scheme in order to keep the floated object at
desired position [32]. The sampling frequency of the control system
is governed by the sampling of the DSP’s ADC and the controller
algorithm implementation time. On this basis, the sampling fre-
quency of the ADC is set to the highest sampling rate of 25 MHz at
which an average filter for the position signal is implemented in the
DSP in order to decrease its fluctuation. Additionally, the controller
algorithm was optimised in order to reduce the execution time.
The experimental and simulation results were 70% compatible. The
cause for this is because the real system is not modelled as it should
as the dynamics of the system is linearized around the operating
point to enable design a linear control system, furthermore, the static
attraction force between the coil core and the dipole not being con-
sidered.
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Fig. 8: Real-time practical responses of the magnet position and
control effort based on step input
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Fig. 9: Real-time responses of the dipole vertical distance and coil
signal under a square wave reference input
By applying a fine tuning for the gain parameter Kp, an improve-
ment in the response of the scheme can be observed. Based on the
PID gain parameters Kp = 1.323, Ki = 0.022, and Kd = 0.434,
Fig. 8(a) and (b) illustrate the experimental displacement of the
dipole generated by the actuator and the coil current respectively.
The preliminary practical prototype of the suggested navigation sys-
tem, as presented in Fig. 6, shows suspension of the dipole in the air
with desired vertical distance of 25 mm and input signal of 0.16 A,
as predicted.
It can be seen from Fig. 8 that the controller enabled the magnet
to track the desired step input trajectory efficiently. It can be seen
from the mini plot illustrated in Fig. 8(a), the system has a fast drop
time tf of 0.11 s and a small system noise which fluctuates between
approximately ±0.8 mm. Regarding the system input, it is obvious
from the mini figure of Fig. 5(b) and Fig. 8(b) that there is a very
good convergence between the actuator current of the simulated and
real control systems, which were at a steady state 0.14 A and 0.16
A respectively. This good match between the Simulink and experi-
mental responses investigates the validity of the dynamics modelling
and system simulation.
To verify the robustness of the PID control design, the performance
of the navigation scheme is studied based on a square wave input
signal with frequency of 2 Hz, a peak-to-peak amplitude of a 10 mm
and an offset of 20 mm. The desired and actual magnet position and
the applied actuator current based on gain parameters Kp = 1.64,
Ki = 0.1, and Kd = 0.65 are presented in Fig. 9(a) and (b) respec-
tively. It is clear from Fig. 9(a) that the controller succeeded to enable
the embedded dipole to track the demand reference trajectory with
an acceptable efficiency. The actuation scheme has a fast rise time tr
of 0.12 s, and acceptable settling time ts of 0.4 s with a small system
noise of±0.8 mm. However, there is an overshoot of approximately
2.25 mm because of non-ideal loop response.
In this research, the response of the actuation system is optimised by
the improvement of the position feedback of the actuation algorithm,
which is discussed in the next section. Fig. 9(b), presents the value
of the actuator current range which was at a steady state at about
0.09− 0.37 A. Therefore, the robustness of the proposed control
system is enough to successfully guide and stabilize the embedded
magnet at desired region.
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Fig. 10: Calibration and error curves based on coil sensor
7 AC position feedback-based controller system
In the optimised control system, the dipole position can be obtained
from the AC magnetic signal produced by the generating coil based
on the coil sensor.
7.1 Coil sensor calibration
Because the coil sensor is placed outside the human body on the
actuator pole, there is no limitation in its geometry and the number
of turns parameters. Consequently, these parameters can be manipu-
lated in the design of a high sensitivity coil sensor. In this research,
the sensor was designed with a diameter of 40 mm and 50 turns with
a 38 American wire gauge (AWG) copper wire.
As with the control system based on the DC position feedback, the
system simulation is validated by using practical position informa-
tion obtained from the calibrated coil sensor experimentally. Based
on the same calibration procedure with using coherent detector
for noise reduction purposes, Fig. 10(a) shows a vertical capsule
position curve. To reduce the computational load of the algorithm
implementation, the calculation process of the position was also,
as in the DC positioning controller system, approximated by the
following expression.
x(t) = −0.4V 5p (t) + 4.8V p4(t)− 22.3V 3p (t)
+ 52.3V 2p (t)− 60.8Vp(t) + 28.2 (16)
For system simulation purposes, based on the capsule position, the
position voltage signal can be expressed as follows:
Vp(t) = 3.4 ∗ 106x4(t)− 4.83 ∗ 105x3(t)
+ 2.8 ∗ 104x2(t)− 743.5x(t) + 9.2 (17)
To assess the positioning approach performance, again based on
the same error measurement procedure mentioned previously, the
magnet position was calculated using (16), and based on the actual
position signal, the position error was calculated and is finally shown
in Fig. 10(b). By comparing Fig. 2(b) with Fig. 10(b), it should
be noted that, based on the coil sensor, there was a very important
reduction in the position error achieved compared with the previous
positioning method based on the Hall effect sensor. The reason for
this is that the feedback position signal was determined from an AC
magnetic field signal which was effectively discriminated from the
DC magnetic actuation fields.
7.2 Simulation design and results
Using the gain parameters Kp = 0.576, Ki = 0.024 and Kd =
0.0216, Figs. 11(a) and (b) illustrate the time response for the states
δx(t) and x(t) respectively. The control signal required for the cap-
sule displacement δx(t) and x(t) are presented in Figs. 12(a) and
(b) respectively. It can be seen from Fig. 11 that the controller effec-
tively guided the inserted dipole through the demanded trajectory.
By comparing the mini plot of Fig. 4 and Fig. 11, it should be noted
that the system response based on the coil sensor retains a short set-
tling time of approximately 0.25 s. In addition, the overshoot value
is reduced from 33% to 25% and the position variation about the
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Fig. 11: Simulated responses of the dipole position for step input
based on coil sensor
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Fig. 12: Simulated responses of the system control effort under step
input based on coil sensor
desired position is reduced to approximately of±0.25 mm. By com-
paring the mini figure of Fig. 5 and Fig. 12, the control signal of the
system is decreased from 0.41 A to 0.33 A. The good response of
the system is achieved since the controller is fed by more accurate
position feedback due to the effective isolation of the position signal
from the actuation signal.
7.3 Controller implementation
7.3.1 Hardware system design: The experimental setup and
the hardware design block diagram of the AC positioning controller
system are the same as those in the DC position positioning con-
troller system; these were presented earlier in Fig. 6 and Fig. 7
respectively, except for the use of a coil sensor instead of the Hall
effect sensors, and the attachment of a generating coil to the cap-
sule for the localization purpose. Regarding the hardware design,
the signal conditioner unit is modified to the following transmitter
and receiver stages.
Position signal transmitter
The function of this stage is transmitting the capsule position signal
based on the AC magnetic field. It is mainly composed of generat-
ing coil, which is a magnetic coil wound around the capsule body, a
simple oscillator and amplifier to generate and amplify an AC signal
respectively, and series LC resonant circuit to supply a high cur-
rent AC signal to capsule coil. The excited capsule coil provides the
controller by an accurate position information for capsule through
detecting the AC magnetic field, which is decoupled from the DC
actuation fields, by a suitable sensor.
It is worth considering, that the transmitted signal level is governed
by the amplitude and frequency of the exciting signal and the gener-
ating coil parameters, which include the number of turns, coil size,
and core material. The transmitted signal frequency should not be of
a high value if damage to human tissue is to be avoided, meaning that
the operating frequency is 100 kHz. The only capsule coil parame-
ter that can be manipulated is the number of turns, as the generating
coil is attached to the capsule, which means using a high permeabil-
ity core and increasing the coil size are impossible.
Position signal receiver
In this section, an analog detector is designed to extract the AC cap-
sule position signal and then send it to the controller in the digital
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Fig. 13: System experimental responses based on coil sensor
processor. The detector stage combined of LC, active PBF, LPF and
regulator circuits.
7.3.2 Actuation algorithm implementation: The system oper-
ates by first exciting the generating coil by 100 kHz voltage signal
and placing the capsule initially close to the operating position. The
device position signal, which is mixed with unwanted noise, is mea-
sured by the coil sensor and then delivered to the processing circuit
for filtering, amplification and rectification and finally sent to the
A/D converter circuit in the DSP for sampling.
Further reduction in the influence of the position noise is achieved
by averaging the sampled signal in the DSP. The processed signal is
then compared with the demand position signal (0.025 m), to pro-
duce an error signal that is sent to the PID controller.
In the controller algorithm, the command signal is calculated based
on the error signal and the gains Kp, Ki, and Kd. The control
signal in PWM form with changing duty cycle is applied to the
current driver circuit, which excites the electromagnetic coil by the
required current to navigate the embedded dipole over the demand
input trajectory.
7.3.3 Experimental results: Using the controller gains Kp =
0.78, Ki = 0.024, and Kd = 0.0216, Figs. 13(a) and (b) present
the capsule’s measured and demand positions and the coil current
respectively. Based on Fig. 13(a) and Fig. 11(a), it can be seen that
there is good compatibility between the practical and simulation
results. It is obvious that based on the optimization of the posi-
tion feedback information, there are significant improvements in the
performance of the control system is achieved. Comparing the mini
plots of Fig. 13 with Fig. 8, the fall time tf of the magnet reduced
from 1.1 s to 0.75 s, the maximum overshoot value reduced from
22.5% to 18%, and the fluctuation around the steady state position
reduced from ±0.8 mm to ±0.6 mm. Again as mentioned before
these overshoot and position fluctuation problems have little influ-
ence on the bowel and the capture rate of the capsule’s camera
respectively [30] [31]. Regarding the input signal of the actuation
scheme, the initial excitation current of the actuator decreased from
approximately 0.64 A to 0.57 A while the steady state current value
is still approximately 0.17 A.
In the next section of this study, the controller system is developed
through further improvements to the capsule position feedback in
order to achieve more robust and accurate actuation system.
8 Improved AC position feedback-based
controller system
The performance of the proposed PID controller based on coil sensor
is improved by achieving the following procedures:
• Optimizing the response time of the actuation system and reduc-
ing AC interference by sending the controller command signals to
the linear power transistor through a Digital to Analog Converter
(DAC) instead of the PWM approach.
• Supporting the current driver circuit by using a high current gain
power transistor TIP31C with a high current gain hfe of 25.
• Further noise reduction for the received position signal through
digital filter based on a coherent detector.
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Fig. 14: Coil sensor response before and after digital filtering
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Fig. 15: Real time response of the magnet position and actuator
signal of the improved system
The filter was composed of analog front end, which is combined of
LC and active BPF circuits, and digital coherent detector based on
the 1-bin Discrete Fourier Transform (DFT). In this detector a noise
filter with a very narrow band output was designed to extract the fre-
quency of the position signal 100 kHz effectively. Figs. 14(a) and
(b) present the contrast effect before and after the digital filtering,
respectively. The responses suggest the ability of the digital filter
to suppress impulsive noise quite well. The fluctuation of the cap-
sule position signal around the desired value has been reduced from
0.0125 V to 0.002 V.
8.1 Experimental results
Utilizing the gain parameters Kp = 0.9, Ki = 0.025 and Kd =
0.022, Figs. 15(a) and (b) show the measured and demand positions
and the input current of the improved actuation scheme respec-
tively. In Fig. 15(a), it can be observed that significant improvements
in both transient and the steady state response of the system are
achieved due to the improvements in the position feedback infor-
mation. Comparing the mini plots of Fig.15 with Fig. 13, the fall
time tf of the inserted magnet reduced from 0.75 s to 0.65 s, the
maximum overshoot reduced from 1.8 mm to 1.3 mm, and the
fluctuation around the steady state position also decreased from
±0.6 mm to ±0.3 mm. Regarding the input signal, the initial and
steady state actuator current are kept within the reasonable values of
approximately 0.57 A and 0.16 A respectively.
9 Conclusion
In this research, a new capsule endoscope positioning and actua-
tion systems for colon examination were proposed. The navigation
system is based on current controlled magnetic levitation.
9.1 Position feedback sensing
Both DC and AC magnetic fields were used to obtain the position
information of the capsule based on a Hall effect sensor and coil
sensor respectively. An accurate position feedback can be obtained
based on the Hall effect sensor as the position measurement depends
only on the magnetic field of the inserted magnet, which was iso-
lated by subtracting the sensor readings using a differential amplifier
circuit. To further increase the accuracy of the feedback information,
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hardware and software filters were applied to the sensor readings in
order to reduce the effect of the noise. However, this approach was
still not an optimum positioning scheme as it is difficult to guarantee
cancellation of the two sensor readings due to mechanical toler-
ances, thermal drift and sensor variations. Therefore, the positioning
method was improved by obtaining more accurate position data from
an AC magnetic signal, which was decoupled from the DC actuation
fields.
Finally, a very important reduction in the position noise was also
achieved by using a digital coherent detector. The experimental
results have shown that, the level of the position signal noise was
reduced by factor of 4.
9.2 Digital control
A PID controller was designed for capsule actuation. A realistic
Simulink model based on experimental position measurements was
executed to validate the presented controller. The performance of the
simulated controller demonstrates its ability to effectively actuate the
inserted dipole over the demand input trajectory, with a short settling
time of 0.1 s, a low overshoot of 20% and a small steady state posi-
tion error of 2.25 mm.
To verify the effectiveness of the introduced control system, the con-
troller is implemented practically using the DSP, where the position
feedback based on the Hall effect sensors was adopted to generate
PWM command signals, which were used to regulate the coil cur-
rent. The experimental response of the proposed system has shown
that the PID controller was able to successfully navigate the inserted
dipole over the demand input trajectory with a settling time of 0.11
s, an overshoot of 25% and a steady state error of ±0.8 mm.
The proposed actuation system was optimised by improving the
position feedback through the use of an AC magnetic signal to pro-
vide the position data based on the coil sensor. The practical response
has shown that the optimised AC system, compared with the DC
positioning based actuation system, has a shorter fall time, minimal
overshoot value and steady state error.
To validate the robustness of the control system based on AC posi-
tioning approach, the actuating performance of the proposed control
system is evaluated under square wave input. The real-time response
has shown that the PID controller was able to successfully move the
inserted dipole through the demand reference input. However, using
the PWM technique to drive the coil of the optimised actuation sys-
tem produces an AC interference effect on the coil sensor. Hence,
the positioning scheme was improved by using the linear power
amplifier to pass the controller command signals to the actuator.
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